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Summary
Coxsackie-and adenovirus receptor-like membrane protein (CLMP) was identified as the tight junction-associated transmembrane protein of epithelial cells with homophilic binding activities. CLMP is also recognized as adipocyte adhesion molecule (ACAM) and it upregulated in mature adipocytes in rodents and human with obesity. Here, we present aP2 promoter-driven ACAM transgenic mice are protected from obesity and diabetes with the prominent reduction of adipose tissue mass and smaller size of adipocytes. ACAM is abundantly expressed on plasma membrane of mature adipocytes and associated with formation of Phalloidin-positive polymerized form of cortical actin (F-actin). By electron microscopy, the structure of zonula adherens with an intercellular space of ~10-20 nm was observed with strict parallelism of the adjoining cell membranes over distances of 1 to 20 μm, where ACAM and γ-actin are abundantly expressed. The formation of zonula adherens may increase the mechanical strength, inhibit the adipocyte hypertrophy, and improve the insulin sensitivities.
INTRODUCTION
Quite a few adhesion molecules have been identified by molecular genetics as well as gene expression profile studies in adipocytes derived from experimental models and human studies. For instance, only cadherins were reported to be expressed in premature adipocytes. In the cell lines, such as C3H10T1/2 and 3T3-L1 cells, N-cadherin and cadherin-11 are expressed and they are prominently suppressed by the induction of adipocyte differentiation and downregulated to very low levels after the full differentiation (1) .
Transgenic expression of dominant-negative N-cadherin decreased bone formation, delayed acquisition of peak bone mass and increased body fat (2) . Although the information of adhesion molecules in adipocyte biology is limited, we identified adipocyte adhesion molecule (ACAM) from the visceral adipose tissues of OLETF (Otsuka Long-Evans and constant (C2-type) immunogloburin domains, which are involved in the homophilic adhesion and aggregation of the cells. Although we reported the expression of ACAM increased in mature adipocytes in genetically obese db/db and diet-induced obesity mice, and also in adipose tissues in the subjects with obesity, the functional role of ACAM in mature adipocytes and in obesity remained totally unknown. Here, we generated aP2 promoter-driven ACAM transgenic mice and they are protected from obesity and diabetes with reduced accumulation of white and brown adipose tissues. In ACAM Tg mice under 7 to SDS-PAGE and Coomassie blue staining. Visible bands were excised and in-gel-digested with trypsin and analyzed with LC-MS/MS and MALDI-TOF/MS.
Cell fractionation of cultured 3T3-L1 cells: 3T3-L1 cells at 24 hours after the induction were fractioned. Cells were washed in PBS and resuspended in suspension buffer (20mM Tris-HCl; PH7.4, 1mM EDTA, 255mM sucrose) containing protease inhibitor cocktail (Sigma) and homogenized with pre-cooled motor-driven Potter-Elvehjem grinder with 20 strokes at 1400 rpm. Nuclei were pelleted by centrifugation at 1,000g for 10min. The post-nuclear supernatant (S1) was centrifuged at 16,000g for 20min. The pellet containing mitochondria, peroxisomes and plasma membrane fractions was resuspended in 5 ml of resuspension buffer and layered onto 5 ml of sucrose cushion (1.12 M sucrose, 1 mM EDTA, 20 mM Tris-HCl; PH7.4) and centrifuged at 101,000g for 25 min. The mitochondria and peroxisomes were collected as a pellet and resuspended in suspension buffer. The plasma membrane was collected at the interface, resuspended in 10 ml of suspension buffer, centrifuged 16,000g for 15min and resuspended in suspension buffer. S1 was centrifuged at 48,000g for 20min and the pellet containing high density microsomes (HDM) was obtained.
The supernatant was centrifuged at 212,000g for 70 min, separated the pellet containing low density microsomes (LDM) and the supernatant containing the cytosol. Pellets from fractions containing HDM and LDM were resuspended in suspension buffer.
Immunoelectron microscopy: Adipose tissues and 3T3-L1 cells were fixed with 4% paraformaldehyde and 0.05% glutaraldehyde in 0.01 M phosphate buffer, pH 7.4, for 30 minutes and then scraped from the dish, and a pellet was prepared with a microfuge. The tissues and cell pellets were then dehydrated in a graded series of ethanol and they were embedded and polymerized in LR-White (Polysciences, Inc.) at 50 o C for 48 hours.
Approximately 60-nm thin sections were picked up 300 mesh nickel grid. The sections were pretreated with 20 mM Tris-buffered saline, pH 8.2, containing 0.25% bovine serum albumin.
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They were incubated with anti-ACAM antibody and then with anti-sheep IgG conjugated with 10 nm colloidal gold particles for 4 hours at room temperature. They were washed with Tris-buffered saline and stained with lead citrate and uranyl acetate and examined by an electron microscope at accelerating voltage of 75 kv. Transmission and scanning electron microscopy was performed as previously described (6) .
Adenoviral vectors and infection:
The adenoviral vector encoding constitutively active form of C/EBPβ (LAP) were generously provided by Prof. Hiroshi Sakaue (Tokushima University, Tokushima, Japan). For adenoviral infection, 3T3-L1 preadipocytes cultured to 90% confluency and were infected at a multiplicity of infection of 10 PFU/cell 48 hours before induction of differentiation (7) . The cells were collected at indicated time points and were subjected to Northern blot analysis. As a control, the adenoviral vector encoding LacZ (LacZ) was used.
Plasmid constructs and luciferase reporter assay:
The ACAM 1869 bp (-1741 to +128) luciferase plasmid was generated by ligating into the cloning site of the promorterless luciferase reporter plasmid pGL3-Basic (Promega). Various 5'-deletion constructs -1341, -584, -464, -235, -97, -79, -57 were made. The mutant constructs of promoter sequence using -79 deletion construct: wild type (-72 to -59), 5'-AGCTAACCCCAAAC-3'; mutant 1 (MT1), 5'-AGCTAACAATGGCC-3'; and mutant 2 (MT2), 5'-AGCTAAACCCGAAC-3', were generated by PCR. 3T3-L1 preadipocytes were transfected using Neon electroporation transfection system (Invitrogen). Transfections were performed using 10 g of pBIND (Renilla luciferase)-SV40 (internal control) along with 10 g pGL3-Basic plasmids containing the ACAM promoter or with pGL3-Basic plasmid. 48 hours after transfection, cells were incubated with 0.5 mM IBMX for 6 hours, and luciferase reporter assays were performed using the Dual Luciferase Reporter Assay System (Promega). Transfection efficiencies were normalized to the Renilla luciferase activity. For the CMV-promoter-driven transient overexpression of Kruppel-like factor 4 (KLF4), GATA binding protein 1 and GATA binding protein 6, EX-Mm19461-M02 (pReceiver-M02), EX-Mm02659-M02 (pEZ-M02) and EX-Mm02664-M02 (pEZ-M02) (Genecopia, OmicsLink Expression Clone) were used, respectively. For negative control, EX-NEG-M02 (pReceiver-M02CT) was used.
Statistical analysis: Data are expressed as the mean ± standard error (SE) and the multiple comparisons were performed by a one-way ANOVA with Bonferroni and Tukey corrections. A value of P < 0.05 was regarded as statistically significant. The data were analyzed using the IBM SPSS Statistics software program (IBM). (Figure 1a and 1b) and the adipocyte size was also significantly reduced (Figure 1c-e) . In ACAM Tg mice, the immunoreactivity of ACAM was enhanced on the cell surface of adipocytes in both immunofluorescence and immunoperoxidase studies (Figure 1f) . The staining of ACAM merged with F4/80 and the adipose tissue macrophages abundantly expressed ACAM (Figure 1g) . Both glucose tolerance and insulin sensitivity were significantly improved in ACAM Tg mice under HFHS chow (Figure 2a-c) and serum small-sized LDL cholesterol was significantly reduced compared with WT mice (Figure 2d) . In contrast, the lipid droplets in liver tissue, liver weight and triglyceride content were not altered in ACAM Tg mice under HFHS chow (Figure 2e-g ). The data suggested that ACAM Tg mice are protected from obesity and insulin resistance. Taken together, the overexpression of ACAM in adipocytes directly altered the biological functions of adipose tissues in the status of obesity and it increased brown fat activity. We also checked conversion of white to bright/beige adipocyte in subdermal WATs; however, we did not observe such browning in the tissues ( Figure S1g) . 
RESULTS

ACAM
ACAM is differentially expressed in 3T3-
ACAM promotes the polymerization of actin and forms zonula adherens in adipocytes:
We investigated the expression of ACAM and polymerized form of actin (F-actin) by Phalloidin staining. In WT mice under HFHS chow, both F-actin and ACAM were faintly stained surrounding the adipocytes in epididymal adipose tissues, while they colocalized and accentuated in a patchy fashion on the adipocytes (Figure 6a-b) . In WT mice, the distance of plasma membranes between adjacent adipocytes was ~100-200 nm in The mature adipocytes are surrounded by ECM glycoproteins such as collagens type I, IV, V, VI, fibronectin and thrombospondin, and ECM environment regulates the adipogenesis and adipocyte function (13) . The remodeling of ECM surrounding the adipocytes takes place and the basal lamina are thickened in omental adipose tissues of the rats fed with high-fat diet (14) . The administration of matrix metalloproteinase inhibitor, tolylsam, into the mice fed with a high-fat diet resulted in lower body weight, lower subcutaneous and gonadal adipose tissue mass (15) . Thus, the peri-adipocyte ECM remodeling is tightly related to the adipogenesis, tissue inflammation, fibrosis, insulin sensitivity and cardiovascular diseases (13) . Electron microscopy was performed by MF and JW. KM, KT, FO, and JW and conceived of the study, participated in coordination, performed the statistical analyses and helped to draft the manuscript. All authors read and approved the final manuscript. JW takes full responsibility for the work as a whole, including the study design, access to data, and the decision to submit and publish the manuscript. There were no significant differences in both liver weight (f) and triglyceride contents (g). All data are presented as mean ± SE. n=8. *p<0.05 vs. WT mice. 
